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PROBLEMS IN THE INTERNAL

AERODYNAMIC DESIGN

OF THE MACH-2 TRANSPORT*

by

Jacques Leynaert,

Group Research Leader# ONERA

and

Jean-Marie Brasseur,

Research Engineer, 0NERA

A survey is presented of the results obtained by the 0NERA

(Office National d'Etudes et de Recherches A_ronautlques) in the

course of preliminary studies of the turbojet intakes and exhausts of

the proJecte_l Mach-2 supersonic transport plane. Experimental investi-

gation_ of ._wo-dimensional dntakes permit a rational choice to be made
betwe4n_in_rnal and external supersonic compression. Various computa-

tionalmeth6ds employed in the study of the complex flow mixture at the

exit are presented and some theoretical and experimental results are

compared.

i. INTRODUCTION

In the design of a supersonic aircraft, the air intakes and in-

ternal ducts are two essential elements that must be consciously

*This project was reported at the Fifth European Aeronautical

Congress held in Venice, Sept. 12-15, 1962.
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integrated into the over-all design concept from the very beginning of

the project.

In this report we propose to discuss the dimensions and opera-

tional control features of these elements for the conflguration the

French entry in the field is to have. It is already established that it

will carry four motors, two beneath each wing, fed by two-dimensional air
intakes.

The operating conditions of the engine at different Mach numbers

is at the core of the problem; it suggests a principle of simultaneous

matching of the intake and exhaust. This principle will be discussed in

the first part of the survey.

Subsequently, we will take up the problem of the air intake,
which consists in finding the form that affords the best compromise be-

tween pressure recovery, or efficiency, and drag. In this field, the
ONERA has concentratad its research on a type of inlet that can be con-

trolled by external supersonic compression, with a fairing that presents

only a moderate drag; a large-scale test prdgramhas now yielded quite

satisfactory results. Intakes controlled by internal supersonic compres-

sion were also investigated; we shall give experimental data for a compara-

tive appraisal of the two solutions.

The problem of the internal ducts is at least as important as the

preceding, and we shall discuss it in the third part of the report.

Some recently developed, and experimentally confirmed, design

methods provide a firm basis for selecting optimum solutions at super-

sonic cruising speeds, but further experiments are required to solve
the identical problem in the transonic phase of flight.

,:_ 2. MATCHING PRINCIPLES

Th_ f_w conditions imposed on the entrance and exit may be

characferized by two parameters, which are readily derived from a con-
sideration of _he data appropriate to the operation of the engine and

the law governing intake efficiency. These parameters are the flow

factor (mass flow ratio) for the intake and the coefficient of over-

expansion (area expansion ratio) of the nozzle.

The flow factor of an air intake is the ratio of the engine-
required airflow to the maximum flow rate in front of the inlet in the

absence of spillage, i.e., the rate of discharge of a stream tube con-
tained in the upstream proJection from the edges of the inlet.

/16
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Fig. I. Airflow adjustment to engine

requirement as a function of the Mach
number.

Figure I plots this factor versus the Mach number for a certain

type of motor with given efficiency law that, for the moment, we shall

lay aside; the factor is seen to be symbatic with the Mach number, i.e.,
it decreases as the latter decreases until, in the neighborhood of the

transonic mode, it reaches a value of about 0.7. The upstream spillage

of the remaining S0% of excess flow is translated into a drag term,
called the additive drag, of which we will show the importance and some

possible means of mitigation.

The coefficient of overexpansion of the exhaust nozzle is defined

in the follo_Ingway: Let us assume as a first approximation that the

exit ar6a, A_ef the exhaust has been sized to provide a cruise exit

pressur2 equal to ambient. At lower flight Mach numbers , this condition

is satisfied b_ a section A* < As. The coefficient of overexpansion
A*/As characterizes the drag occasioned by the pressure drop between

A* and As in_ flight regime under consideration.

In Figure 2, the low value that this coefficient assumes during

transonic flight can be seen.

A calculation of the total parasite drag at flow factorsl < I is

no simple affair, since it is necessary to take into account suction
forces on the control lip caused by flow-induced deformation of the lead-

ing edges; this effect, by lowering the drag on the fairing amounts to a
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reduction in the addltive drag proper, on the other hand, at the exit

there are base drag losses to be reckoned with. These two effects are

not at all well defined, especially in the transonic mode; thus, the

results of our calculations, shown in Figure 3, give only their orders

of magnitude; since these two parasite drags are roughly of the same

order, and thus, together constitute almost 20% of engine thrust in

transonic mode, it is seen how imperative it is to find a remedy to this
situation. ....

The first idea that suggests itself as a means of avoiding para-

site drs_ a_ 'the inlet is to dispose an internal duct around the engine

that _ill _ypass the excess air captured by the intake during transonic

flight _Fi_. 4b). The engine would then operate at its flow maximum
without additive drag and then, too, the exhaust nozzle, being better

fed, could afford a less severe overexpansion.

Such a solution, however, has the inherent drawback that it in-

creases the dimensions of the pod by the space needed to incorporate

the bypass, and this increases the cruise drag. In Figure 4c, this dis-

advantage is circumvented by dumping to the outside the excess air

scooped up by the intake by means of a low-angle, low-drag, variable

bypass door; the exhaust is then fed by an auxiliary inlet. The loss of

charge and the parasite drag involved in this scheme remain to be

evaluated.

/17
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Fig. 3.. Parasite draga of. upstream spillage Xa
plus overexpansion X'_idlvlded by _the thrust,

versus the _eh nL_mber.:
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Fig. 4. Matching principles for Mach
numbers below cruising.

a) Configuration without bypass. I. Additive drag.
2. 0verexpansion drag

b) Internal bypass matching.

c) External bypass matching with auxiliary intake.
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Actually, an air intake can hardly be expected to attain a flow
ratio equal to unity in the transonic regime; at best, wlth good
efficiency, it may approach a maximumof 0.85; in this case, the bypass
flow is no more than 12 to 15%,but this is to allow reasonable duct
dimensions. A compromisemight be then to combine an internal bypass
with a second additional feed of the nozzle; this injection would con-
sist of the boundary layer removedfrom the intake and the external
boundary layer bled off the auxiliary inlet, the latter removal serving
to decrease the capture drag of the supplementary air.

This preliminary discussion suffices for a better understanding
of the problems involved in the airflow adjustment of the intake and
nozzle. We are now able to approach the problem of the intake in more
detail.

3. AIR INTAKE

The conditions that must be satisfied at all Machnumbersare
essentially the following: high efficiency, low drag, and large schedule
of airflow; the latter implies significant variation of the throat,
which in its turn entails a variable geometry.

A two-dimensional intake readily lends itself to these conditions.
A diagram of the currently favored configuration is shownin the sketch
of the windtunnel setup of Figure 5.

A semituyere mounting was used. A boundary layer bleed at the base
of the inlet separates the flow in the manner of an airfoil.

In the prototype version, employing external supersonic compres-
sion (ESC), the throat is found at the entrance in a section attached to
the cowl llp, An emergent ramp of appropriate shape ensures the focusing
of the slrpersohic shock waves on the lip. This ramp is followed by a
fixed wedge"(spike) and a second wedgeof continuous compression profile.
The ra_prm_ates in the throat to form the upstream edge of the
boundary. Iay_ bleed located at the foot cf the shock wave. (Displacement
of the shock pattern in the direction of the nozzle exit provides the
transition from'the supersonic to the subsonic regime.) Via a hinge
coupling, the two wedges together form a varlable-angle guide vane, the
rotation of which produces a smoothvariation of the required compression
as a function of the flight Machnumber, up to complete blockage of the
throat during the transonic phase. The subsonic diffuser wall that
follows contains a second articulated vane whosemotion is synchronized
with the first; the internal boundary layer bleed simply comprises the
space between the free ends of the two vanes. /18
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Fig. 5. Two-dimensional air intake.
Test setup in windtunnel. Re h = 0.8 X 106

1. Semituyere 5. Window

2. Upstream ramp 7. Diffuser vane
3. Fairing 8. Vertical axial probe
4. Nose

All the constituent elements of the intake were replaceable in

the test model: entrance ramp, upper fairing and lateral leading edges,

supersonic compression profile, and subconic diffuser vanes.

Side windows allowed observation of the internal flow. The air=

flow at the intake and the flow through the boundary layer bleed were

controlled by two additional vanes; together they define the cross

sections oflthe sonic throats at the exhausts. Pressure taps at the

wall amdstagnation point stations provided information concerning the

total c_a_fteristies and the velocity profile at the end of the diffuser.

The difficulty with this type of external compression intake stems

from the sharp deflection of the flow upstream of the entrance (19 ° at

M = 2), since, if a prohibitive nacelle drag penalty is to be avoided, a

rapid reverse deflection of the flow must be guaranteed at the very

beginning of the subsonic diffuser. Fortunately, the presence of an

internal bleed prevents the detachment of the boundary ls_er that this

deflection, in conjunction with the pressure gradient at the foot of

the normal shock, would inevitably entail.

The configuration shown in Figure 6 represents one of the better

Compromises obtained at Mach 2 after numerous trial designs of the shape



Page 8

Upper
fairin

/

Nose

T-

External supersonic compression at M = 2.

I. Profile definition

2, Total characteristic

3. Axial pressure distribution

and length of the upstream profile of the shape of the external fairing,

and of the contour of the boundary layer bleed. Downstream of the bleed,

the flow changes from an initial slope of 19 ° to a negative slope of -2 °,

resulting in a pronounced curvature, which is compatible with the cowl

fairing found to be most favorable from the point of view of external
drag.

i'

ID sp%t6 of this strong curvature, the homogeneity of the flow at

the dif_e_'_nd is only slightly affected, as is seen from the stagnation
pressume distribution in the plane of symmetry at the end of the diffuser

and the total _haracteristics of the flow. The average efficiency of this

configuration at Mach 2 is 0.935 in the critical regime, while the bound-
ary layer bleed amounts to only2.5% of the total flow.

Figure 7 presents the schlieren flow visualizations.

Tests of other forms of supersonic compression profilej using the

same fairing, often led to an impasse when attempts were made to adjust

the guide vane length upstream toward the throat: either the internal

throat "choked up" and there would be a sudden transition from a super-

critical regime (diffuser still supersonic in its initial section, normal
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Fig. 7. Two-dimenslonal intake at Mach 2

Schlleren photographs

A. Boundary layer separation in
the absence of a bleed

B. Suppression of separation_Ith
internal bleed

internal shock) to a subcrltical regime (detached shock in front of the

Inlet, usually accompanied by duct buzz) or, with reduced guide vane

length, there _ould be a normal shock, properly positioned at the inlet
in the critical regime, but _Ith a boundary layer bleed found in an

unfortunate position upstream of the normal shock and leading to mal-

function.

On the other hand, it has been experimentally verified that an

intake that is _ell-matched at Mach 2 retains its optimum characterlstlcs

at lower Mach numbers.

/19
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Fig. 9. Airflow adjustment with a varlable-area exhaust

A. Main jet B. Auxiliary Jet

Figure 8 is a diagram of an intake configuration employing in-

ternal supersonic compression (ISC), which we investigated using an
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identical test arran6ement for co--son purposes. _er_, the throat
control is inside the inlet, while the internal bleed is sec_ as _
be_oz_, "...........

_mis type of intake is eh_e_ by a lowar Irag, since the
initial internal slope of the fairing is zero, but the con_tion of

en_clen_ (nom_1 sh_k_dJ_,..e_Z_ at the _m_z _-_..._)_,
unstable and carries the constant threat of "eTacua_L_E" the cc_versent
cone, the shock passing su_ to a dA_ched position in front of the

inletj manipulation of the 6n_idevanes is then requir_ to r_plenlsh the
convergent mozzle.

.Dis_e_ the mar_l_ of ma_ over useful efficiency ._S-.

sitated b_.this version, the tested max_ efficiency of sn s_le
subsonic diffuser length at the limit of starry is al_ i_ferior
to the perfozJance of a ESC at Mach 2.

I

-In the _ figure are presented the best results att_ at

M =, 2.1; they were b_t at +.,he cost of _ _ lsye_
bl_,_dsat four walls for_ of the throat. T_e ms_ efflcienc_ at
the "evacuation" limit is 0.905 .

The stagnant pressure distribution in the _lane of s_try at the
end of the diffuser is less uniform than in the ESC, but it shoul_ be

noted, ho_'ever, that the test Mach number is different (2.1 i_ of 2).
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I_ shou3_l be further mote_ that the advantage that the IBC is

exacted _o afford in _ laver nacelle _ may ]_rove wholly illusory if
" the-c:_:)ss section of the-motor bl_.k-is vidar than the in_. - -

Fi_all_, considering the nee_ for a more ec_l_x boundary l_r

bleed, the adva_, of the ISC is seen to dwindle im the _ivem Mach
l'_gion. .i

,/

To comcl_'le tills section, az_ not wishing to pass a definitive

judgment on either one of the_ tvo solutions, ve _ill only state that

our results with external supersonic confession complemented by reduced

nacelle &rag assure us that there will be continued interest in this type
of intake for the H_ch 2 class of aircraft.

_r
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aee._rlbe_ae methocl fawored in [_ a_ a ep_lae'tore_earrv.hlm a._:_:: _

_z_l;ton, a _z'oblml that h_ 1_ove_ "un_/C,o "+.he.___r.

seeo_ i_ectlon at +Jaethr_t. . -.-.-.:.- ......:,_--

The problem as it ay_es_s to the designer is Fresen_schelBtie.

_U X _'- Figure i0. " .._.- ....... .- "

or the A)eme-the "

of Math mmber an_ an_ schedule,tn/_ of an auxiliary InJe_ion _ch
....as that described in the first poz_ion of this report. - _:-.-

SeVeral solutions of the type shown in Figure 9 have _'in::_-

the literature. We cannot consider a/l of these projected solutions _h

Still a_her yrobl_, but. a more ec_Iex one, is _Jm:__ Of ....
the afterbo_ of the enE_e asse_blT. This involves a stu_ .of a eOnv'_-i :_

..:_--_
.!

. =.;-i

bc_ _o have to In_rl_e maximum thrust? An_ _hat t_fi%'m_r.be d_vlW_._ ._-_._:- --.::_
frc_ a certain sec_ Iz_ectloa q" in the z_s.r _ctlor_ -. : " " ::.:,_

.- .... _-..,:. • _ _...-_

____ ...... :

-.._
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Effect of shielding on the form drag. Mo = 2.



As _ c_i.ng the solutlon, we have the 8_et_Ical_

section (cs'), me

Of course, an opti_m solutlcm _or one Hech _ _o is not neces-
sa_ optimm for other resumes; abe nltlaa_e choice _ be some ccm-

_l-o_Be.

Ve will _t the cLi_-,u_s_an to the _ mode _ }_u:h 2. ...........

An eralo_tlou of the forces aet/ag on JOBand C_' in the _e

regir-:-presents no _ _tT, so that the search for a _ to
the l_oblcl devolves to a discussion of the mixture of lnrtun_r and
secondary flc_s across various seetionm of the throat _' for a Sign
_Jectlcm.

The proper approach to the solutlo_ of this problem is now well
understood. A recent description va_ _ in the report of P.
_mi_e [2] on the occulon of the Second Ltlienthal Conf--.

Let us _rief_ reviev the _ oZ attack (_. !0).

For a given flight l_ase, we select an _"l:_.'ta'a_ _ _,. c_' the

thl-oat pressure; application of the the_ of a perfect flni_ to the
two _xpansions at B an_ B' and to the _-_-_ _i_ region
beyo_l l_Kleads to the tw_ _cre_ dlw_rgm_

froa which can be deriver the ex_ ai_ % aria%'; v_ forces
in the stagnant area rets_ the_e i_ until _ a_e aefle_ _ the

back pressure produced at point R in _ _ re.ca.

on eond_t_em, these _ are Vo_ti_ or _t_ (_

the case of the fl_ure, for e:s_le, the _ q' is _L_
the re_io_ _ _t_, a_ _ _ _e _ _eSrt_,).

If, _r_ez_ore, an am_llaz_ InJ_ q" is _ _

area, the _atter receive_ at the _iven pre_sx_ P1 a total
incre_nt equal to the _?_brsic s_

% + _' + q".

It is clear that conservation of mass in the region of _ta_on

requires that this sum be equal to zero; this condition per_It_ P1 to be
deter_ by successive appr_ion_.
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Of course, actual phenomena are much more complex. Let us only re-

call two complementary results obtained in []] :

I. Injection of an auxiliary flow q" is always accompanied by

an increase of momentum (q"Vj); these two increments play opposite roles,

the first tending to increase the throat pressure while the second de-
creases it.

The result is as if a pure mass flow (lacking velocity) were in-

vj

Jected_ equal to q" (1 - u-_ )' where uI is the velocity of the external

separated flow and Vj is the injection rate.

Thus, for a given q", it is to great advantage to reduce Vj as far

as possible.

2. The boundary layers of the main and secondary flows create

slight perturbations at the throat section_ there are theoretical means

available for their evaluation, but within the scope of an optimum design

calculation, such effects can be neglected.

After this hurried review of the principles underlying our design

efforts, let us indicate some of the practical results recently obtained

by the 0NERA. /21

The tests were performed in windtunnel $8 at Chalais-Meudon at

Mach 1.9. The mock-up was mounted in the forward blast region on a rec-

tangular beam 54 X 58 mm, with the afterbody unshielded. Two divergent

cones of revolution with 13 ° half-angles were tested; their Mach numbers Mj
in the nozzle exit plane were 2.55 and 2.24, respectively.

The auxiliary injection q" at the throat attained 6% of the pri-

mary jet'._. -,

"The pressure generated in the tunnel was Pi = 1 atm; the jet pressure

Pij equalled 2_4 atm.

The calculations were made by assuming the external fairing to be

a surface of revolution closely fitting the engine contour.

A comparison of theoretical and experimental results is presented

in Figure ll as a plot of throat pressure over ambient pressure Po versus

the injection ratio.

The existence of a maximum is clearly evidenced, which signals the

increasing influence of the momentum imparted by q" as the latter increases
while the orifice area is held constant.
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Consequently, in Figure 12 we reproduce the dependence of the

throat drag on injection ratio for three nozzles of different exit Mach

number (nominal engine thrust in the cruise mode is taken for reference).

Thus, to find the total thrust in the rear section, it is suf-

ficient to plot the variation of the divergent cone thrust as a function

of the exit Mach number, and then derive the corresponding drag for

various values of q"/Q. Thus, for each injection, an optimum exit area

emerges, as is seen in Figure 13.

This diagram shows, in particular, that the currently fashionable

term "matched nozzle", employed to define a nozzle having a pressure in

the exit plane equal to ambient, can only confuse matters. Actually,

only a family of curves, such as that in Figure 13, can permit a com-

parison of rear thrust values in diverse regimes and a resultant cone

trulymatched to the design requirements.

As we noted earlier in more refined studies, there is certain

value in seeking an additional means of improving the thrust in the

aftersection through some mcdiflcatlon of the rear fairing.

On paper, such an approach seems ready-made, since the pressure

at the fairing is always greater than the pressure at the throat in the

absence of a fairing. In reality, a detailed calculation must be made,

since the presence of the fairing alters both the direction and magni-

tude of the external flow before its separation, and as a result, other

things being equal, there is a change in the throat pressure.

Calculations of this type, performed under identical windtunnel

conditions, but on a slightly different mock-up, give a good illustration

of the possible advantages of a systematic study of the afterbody

(Fig.14).

, "., 5. CONCLUSION

bf the multitude of problems connected with the internal aero-

dynamics of th@ Mach-2 Supersonic Transport, several still remain to be

brought to a satisfactory conclusion: the final choice of the type of

intake and the matching of its geometry to the flow field of the wings;

the choice of bypass principle; and the selection of the dimensions,

control mode, and configuration of the afterbody. At the ONERA, these

studies are pursued not only in the cruise regime, but at all the inter-

mediate speeds as well, especially the transonic.

The theoretical and experimental results presente_ here may give

some evidence of what is involved in such research.

Manuscript submitted, Sept., i_2

/22
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